sion of the lumen due to extensive neointimal thickening and loss of smooth muscle cells from the inner muscle media (6) . The initial functional constriction appears to be responsible for the ultimate anatomic closure of the DA. Loss of luminal blood flow produces a zone of hypoxia in the DA's muscle media that, depending on its severity, induces the following anatomic changes: angiogenesis, neointima formation, and cell death (6) . Hypoxia of the vessel wall appears to be the required stimulus for anatomic remodeling. Failure to develop hypoxia of the muscle media leads to failure of DA remodeling and subsequent DA reopening despite the initial constriction (6, 30) . The preterm newborn is also capable of remodeling its DA, just like the full-term newborn, if it can develop the same degree of hypoxia as found at term (19, 32) .
The mechanism(s) by which hypoxia induces the changes that occur during anatomic remodeling is currently unknown. Hypoxic vascular tissue can express increased amounts of fibronectin (11) and vascular endothelial cell growth factor (VEGF; Ref. 4) . Inhibition of fibronectin production has recently been shown to inhibit ductus remodeling (29) .
A consistent finding during the development of ductus wall hypoxia is the early appearance of VEGF in the muscle media of the full-term and preterm ductus (6, 19, 32) . VEGF is a hypoxia-induced growth factor (4, 26) that can stimulate endothelial cell proliferation and migration as well as fluid and protein extravasation from blood vessels (20, 25) . In the following experiments we studied premature sheep and baboons to identify the effects of both VEGF stimulation and VEGF inhibition on DA remodeling in vivo. We hypothesized that VEGF may play an important role in producing the neointimal expansion and vasa vasorum ingrowth that occur after the development of hypoxia in the ductus wall.
METHODS
In vivo study of preterm baboons: VEGF inhibition. All studies were approved by the Committees on Animal Research at the University of California San Francisco, the University of Texas Health Science Center, and the Southwest Foundation for Biomedical Research.
We used preterm newborn baboons (Papio sp.) to examine the effects of VEGF inhibition on ductus remodeling. Animal care, surgery, and necropsy were performed as previously described (6, 32) . Preterm newborn baboons (n ϭ 29) were delivered by cesarean section at 125 days gestation (68% of full term) and were euthanized on the 6th day after delivery.
Preterm newborn baboons fail to constrict their DA unless they are treated with inhibitors of both prostaglandin and nitric oxide production (32) . Therefore, preterm newborn baboons were randomly assigned to one of three treatment protocols: group 1) indomethacin (Indo) plus N G -nitro-L-arginine (L-NNA), a nitric oxide synthase (NOS) inhibitor (Indo ϩ L-NNA, n ϭ 7); group 2) Indo plus L-NNA plus a neutralizing monoclonal antibody (mAb) made against human VEGF (mAbVEGF) (A.4.6.1; Refs. 3 and 21) (Indo ϩ L-NNA ϩ mAb, n ϭ 6); group 3) no treatment (control, n ϭ 16). Indo (Indocin, 0.1 mg ⅐ kg Ϫ1 ⅐ dose Ϫ1 ) was given intravenously at 24, 48, 72, 84, 96, 108, 120, and 132 h after delivery to animals in group 1 (Indo ϩ L-NNA) and group 2 (Indo ϩ L-NNA ϩ mAb). A continuous infusion of L-NNA (Sigma) (6 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 ) was given to the same two groups starting at 50 h after delivery. A.4.6.1 was administered as a single intravenous dose (10 mg/kg) 24 h after delivery. A.4.6.1 has a plasma half-life of 2 wk (3, 21) . The animals in groups 1 and 3 have been described previously (32) .
At necropsy, the DA was dissected in 4°C phosphatebuffered saline solution (D-PBS). The minimal luminal diameter was measured, and the DA was embedded in Tissuetek (Miles) and frozen in liquid nitrogen or was embedded in paraffin (after fixation with 4% paraformaldehyde).
Most of the findings for animals in the control and Indo ϩ L-NNA groups have been reported previously (32) . We are including these data in the current report so that the changes that occurred in the Indo ϩ L-NNA ϩ mAb group can be more easily compared.
Detection of hypoxia with EF5. To detect regions of hypoxia within the DA, we used the 2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-pentafluoropropyl)acetamide (EF5) detection system that we have described previously (6, 18, 19, 32) . Premature baboons were given EF5 (10 Ϫ4 mol/kg iv) 36 h before necropsy. Blood samples were collected and analyzed for EF5 as previously described (6) . We used mAb (ELK 3-51), which is highly specific for EF5 and its tissue adducts, to detect the presence of bound EF5 in the tissue (6, 23) . EF5 binding was corrected for the in vivo EF5 drug exposure and was expressed as a percentage of the calculated maximal expected binding (23, 32) .
Vasa vasorum perfusion: intravenous Hoechst dye technique. The DNA-binding dye, Hoechst (no. 33342)-bisbenzimide (Sigma) (20 mg/kg iv), was administered to the baboons 15 min before necropsy (32) . This fluorescent dye readily intercalates into cellular DNA and can be used to demonstrate regions of the DA that were perfused and had access to the dye (as measured by Hoechst-bisbenzimide uptake) just before necropsy (32) .
In vivo study of preterm fetal lambs: VEGF addition. We used preterm fetal lambs (mixed Western breed: 105 Ϯ 2 days gestation, 70% of term) to examine the effects of VEGF addition on DA remodeling. A midline laparotomy was performed on the ewe, and the DA was visualized through a fetal thoracotomy. A 10-l aliquot of control solution [sheep albumin, 1 mg/ml D-PBS, plus Accuprime ink (Beckman, Schiller Park, IL)] or the same solution containing 100 nM recombinant human VEGF 165 (R&D Systems, Minneapolis, MN; Sf21 insect cell expression system) was injected into four contiguous sites along the exposed/ipsilateral wall of the DA. The fetal thoracotomy was closed and the fetus was returned to the uterus. The fetal DA was removed 72 h later for immunohistochemical analysis.
Immunohistochemistry. Protocols for the immunohistochemistry of endothelial cell NOS (eNOS), CD-31, proliferating cell nuclear antigen (PCNA), VEGF, ␣-smooth muscle actin, and EF5 were similar to those reported previously (7, 32) . Endothelial cells were detected with either anti-eNOS (clone 3, Transduction Lab, Lexington, KY) or anti-CD-31 (R&D Systems). We present only the eNOS staining results because sequential sections stained for CD-31 had identical findings (data not shown).
Scoring for VEGF immunostaining (Santa Cruz Biotechnology, Santa Cruz, CA) was as follows: 0, none; 1ϩ, mild; 2ϩ, moderate. All sections were stained in the same assay as previously reported (32) .
Histological measurements in the newborn baboon DA were made at the level of minimal luminal area, which was determined from 6-m serial sections. Tissue dimensions were determined by averaging measurements made from eight predetermined regions of the section, using an overlay template and NIH Image software. The neointimal zone was defined as the region between the luminal endothelial cells and the internal elastic lamina (identified by phase-contrast microscopy).
In the fetal baboon (125 days gestation), the thickness of the DA wall (distance from the luminal endothelium to the adventitia) is only 470 Ϯ 16 m (6), and vasa vasorum are present only in the adventitia (6, 19) . After birth, vasa vasorum invade the muscle media (6, 19) . To determine the depth of vasa vasorum ingrowth in the preterm baboon, we partitioned the DA wall into concentric regions on the basis of the percentage of wall thickness between the luminal endothelium and adventitia. Vessel ingrowth was based on the innermost region of the wall that contained at least one vasa vasorum (8) .
In contrast to the fetal baboon, the thickness of the fetal sheep DA (100 days gestation) is 630 Ϯ 78 m, and vasa vasorum are normally present in both the adventitia and outer half of the muscle media. To determine the effect of VEGF injections on vasa vasorum proliferation within the fetal sheep DA, we measured the vasa vasorum area within predetermined regions of the outer half of the DA muscle media. Endothelial cells lining the individual vasa were outlined, and the area contained within each vasa was measured. The total vasa vasorum area contained in three contiguous ϫ40 fields of outer muscle media was recorded for each side of the DA wall. The total vasa vasorum area of the injected side of the DA wall was compared with the noninjected, contralateral side of the DA as a ratio. The vasa vasorum ratio (injected/contralateral) for each DA was the average ratio determined from three sections obtained at intervals of 36 m. We compared the ratios calculated from the VEGF-injected DA with those obtained from controlinjected DA.
Cell death. We used the TdT-mediated dUTP nick end labeling (TUNEL) technique to detect cells in the early stages of DNA fragmentation and cell death as we have described previously (6) . The number of TUNEL-positive nuclei per 100 nuclei was scored in the region of EF5 staining.
In vitro study of DA endothelial and smooth muscle cells: hypoxia vs. VEGF. We used endothelial cells and smooth muscle cells, isolated from 100-day-gestation fetal lamb DA, to determine the effects of different degrees of hypoxia on VEGF production. The isolated cells were grown in monolayer culture and passaged as previously described (18) . The dishes containing the cells were incubated with different O 2 concentrations for 4 h. After RNA isolation, Northern blotting was performed with a 32 P-labeled cDNA probe specific for sheep VEGF (22, 34) . To determine the level of hypoxia in the endothelial and smooth muscle cells, we measured the binding of EF5 to the isolated cells using an immunoblot assay as previously described (18, 19) .
Statistics. Results are presented as means Ϯ SD, percentages, and correlation coefficients. Intergroup differences were evaluated with either a chi-square analysis or unpaired t-test. When more than one comparison was made, Bonferroni's correction was used.
RESULTS
In vitro study of DA endothelial and smooth muscle cells: hypoxia and VEGF mRNA. VEGF mRNA expression in DA endothelial and smooth muscle cells was increased within 2 h of exposure to hypoxia; however, maximal expression was not achieved until 4 h of hypoxia (data not shown). DA smooth muscle cells had a substantial increase in VEGF mRNA after even mild degrees of hypoxia (3% O 2 ). In contrast, VEGF mRNA was only mildly increased in endothelial cells during hypoxia (Fig. 1) .
Premature newborn baboons. Combined treatment of preterm baboons with Indo and L-NNA produced a much greater degree of DA constriction than baboons receiving no treatment. A neutralizing anti-VEGF antibody was given to some baboons to test the hypothesis that VEGF plays an important role during the neointimal expansion and vasa vasorum ingrowth that occur after ductus constriction and hypoxia. As anticipated, administration of the neutralizing mAbVEGF did not alter the rate of DA constriction [as measured by daily pulsed-Doppler exams (data not shown)] or the final degree of DA constriction at necropsy ( Fig. 2A) , nor did it alter the development of hypoxia and cell death in the DA wall (see below).
We have shown previously that DA wall hypoxia (measured by EF5 binding) depends on the degree of luminal constriction [r ϭ 0.98, log (EF5 binding expressed as a percentage of maximal EF5 binding) vs. log (luminal area)]. Similarly, cell death in the DA wall (measured by the number of TUNEL-positive cells) depends on the degree of luminal constriction and EF5 binding (r ϭ 0.99) (32) . DA from the control animals had negligible EF5 binding (median ϭ 1%; range ϭ 1-2% of maximal binding) (Fig. 3) and no TUNELpositive nuclei (0 TUNEL-positive nuclei/100 cells, n ϭ 3). In contrast, DA from newborns treated with Indo ϩ L-NNA (either with or without mAbVEGF) had intense EF5 binding (median ϭ 33%; range ϭ 13-115% of maximal binding) (Fig. 3) and a moderate number of DA from baboons treated with Indo ϩ L-NNA expressed moderate levels of VEGF in the region of muscle media that had intense EF5 binding (Fig. 2B) . Administration of the neutralizing mAbVEGF did not affect the detection of VEGF in the newborns treated with Indo ϩ L-NNA ϩ mAb.
DA from the premature baboons treated with Indo ϩ L-NNA developed the same anatomic changes that have been described previously, after ductus constriction and hypoxia (6) . DA from the premature baboons treated with Indo ϩ L-NNA developed a significantly thicker neointima than DA from the control baboons (Figs. 3 and 4C) . The neointima was composed of proliferating mounds of endothelial cells (Figs. 3 and 4 , B and C) and an expanding layer of nonendothelial cells (Figs. 3 and 4C) [that expressed ␣-smooth muscle actin (data not shown)]. The mAbVEGF inhibited both the endothelial and nonendothelial increase in neointimal thickness. We examined the rate of luminal endothelial proliferation by monitoring the number of PCNA-positive cells that lined the DA lumen (Fig. 4) . DA from the baboons treated with Indo ϩ L-NNA had an increased number of PCNA-positive cells compared with DA from the control animals; mAbVEGF reduced the number of PCNA-positive cells (Fig. 4A) and partially reduced the thickness of the luminal endothelial mounds (Fig. 4, B  and C) . The mAbVEGF also completely blocked the influx of nonendothelial cells into the neointima (Fig.  4C) .
After birth, vasa vasorum invade the muscle media of the preterm baboon DA (Figs. 3 and 4D) . The baboons treated with Indo ϩ L-NNA had a much greater ingrowth of vasa vasorum than those in the control group. The mAbVEGF decreased vasa vasorum invasion to control values (Fig. 4D) . Similarly, mAbVEGF decreased vasa vasorum perfusion of the outer muscle media (as measured by Hoechst-bisbenzimide uptake) (Fig. 5) .
Premature fetal lambs. Fetal sheep DA were injected with either control or VEGF-containing solution to examine the direct effects of VEGF on DA remodeling. In three preliminary experiments, the wall of the fetal sheep DA was injected with control solution containing Hoechst-bisbenzimide to determine the distribution of the injectate. We found that the Hoechst-bisbenzimide (which is a smaller molecule than VEGF) stained cells only on the ipsilateral side of the injected DA (Fig. 6B) .
Three days after injecting the control solution, there was no difference in the histology between the injected and the noninjected/contralateral wall of the DA (Fig. 7) .
When VEGF was injected into the DA wall, marked VEGF immunostaining was apparent in the ipsilateral wall when the fetus was necropsied 1 h after the injection (n ϭ 2, data not shown). However, by 3 days after the injection, VEGF was no longer detectable by immunohistochemistry (n ϭ 6).
Three days after the VEGF injection, there was an increase in the vasa vasorum in the muscle media (Figs. 6 and 7C) and expansion of the neointima with cells containing ␣-smooth muscle actin (data not shown). There were only occasional sites where the luminal endothelium appeared to be piling up; however, in two of six of the VEGF-injected DA, luminal endothelial cells were observed to be invading the neointima ( Fig. 7B; see Fig. 6A, intima 4) . None of these changes was observed on the noninjected/contralateral wall of the VEGF-injected DA.
DISCUSSION
Inhibitors of prostaglandin and nitric oxide production produce constriction of the preterm baboon DA, hypoxia of the DA wall, and VEGF expression (Fig. 2 ) (32) . Although factors other than hypoxia could account for the appearance of VEGF in the wall of the constricted DA (10, 12, 16, 27, 28, 31, 33 ), VEGF's 6A , intima 4, for an example). C: vasa vasorum area. † P Ͻ 0.05, total vasa vasorum area ratio of VEGF-injected DA vs. control DA (see appearance and geographic distribution correspond exactly with the distribution and intensity of hypoxia in the DA wall as measured by EF5 (6, 19, 32) . The range of EF5 binding observed in the baboons treated with Indo ϩ L-NNA corresponds to tissue O 2 concentrations between 0.2 and 0.01% (median ϭ 0.06%) (see Fig. 1 ) (18, 19) . This degree of in vivo hypoxia is capable of producing an intense increase in VEGF mRNA in cultured DA smooth muscle cells (Fig. 1) .
The baboons treated with Indo ϩ L-NNA that received mAbVEGF had the same degree of DA constriction, tissue hypoxia, and VEGF induction as the baboons treated with Indo ϩ L-NNA that did not receive the mAbVEGF (Figs. 2 and 3) . The mAbVEGF treatment produced a marked reduction in vasa vasorum ingrowth and perfusion of the outer muscle media (Figs. 3, 4D, and 5) . The mAbVEGF treatment inhibited the rate of luminal endothelial cell proliferation and endothelial cell accumulation in the expanding neointima (Fig. 4, A-C) . The mAbVEGF treatment also inhibited smooth muscle cell migration into the neointima (Figs. 3 and 4C ). Despite these changes, the mAbVEGF-treated newborns still had a significantly thicker luminal endothelium than the control animals (Fig. 4, B and C) . These findings suggest that VEGF may play an essential role in vasa vasorum ingrowth and smooth muscle expansion of the neointima but that other factors, in addition to VEGF, may be responsible for the accumulation of luminal endothelial cells after DA closure.
Our studies administering VEGF directly into the wall of the preterm fetal DA support the conclusions from the mAbVEGF experiments. Direct administration of VEGF into the DA wall increased the number of vasa vasorum in the muscle media and expanded the thickness of the neointima with smooth muscle; luminal endothelial cell accumulation was less consistently observed (Figs. 6 and 7) . This may be due to the short exposure time to exogenous VEGF (secondary to removal by intramural vasa vasorum) or to the need for additional angiogenic factors during neointima formation.
Our observations differ from an earlier study that found that VEGF inhibited neointimal hyperplasia after balloon-induced arterial injury (1) . In that study, VEGF appeared to have an indirect effect on neointimal thickness by accelerating reendothelialization of the denuded intimal surface (1) . On the other hand, our observations are consistent with observations made in several other models of vascular disease, where VEGF was found to promote neointimal thickening after vascular injury (5, 17, 24, 35) .
There are several ways in which VEGF could play a role in neointima formation. VEGF stimulates endothelial cell proliferation and migration (20, 25) . The ␣ v ␤ 5 -integrin, which mediates VEGF-induced cell migration (13) , is upregulated during DA closure (7) . VEGF has a direct chemotactic effect on vascular smooth muscle cells themselves (14) , in addition to potentiating the promigratory response of other growth factors (9) . VEGF alters the normal barrier function of the endothelium (20, 25) , thereby exposing smooth muscle cells to promigratory serum factors. VEGF also is a direct chemoattractant for monocytes (2) , which play a role in smooth muscle cell migration. We are presently trying to establish which of these mechanisms might play a role during DA closure.
Perspectives
Our experiments emphasize the importance of VEGF as a mediator of the anatomic remodeling that follows DA constriction and hypoxia. Our findings are consistent with other reports that suggest that VEGF is capable of inducing neointimal hyperplasia and angiogenesis (5, 15, 17, 24, 35) . The present findings have important implications for other types of vascular pathology (e.g., neointima formation in vascular grafts) where tissue hypoxia is known to occur.
